The ability of HIV-1 to establish a latent infection presents a barrier to curing HIV. The best-studied reservoir of latent virus in vivo is resting memory CD4 ؉ T cells, but it has recently been shown that CD34 ؉ hematopoietic progenitor cells ( 
A lthough highly active antiretroviral therapy (HAART) for HIV-1 suppresses viral replication and extends the life spans of infected individuals, it cannot eliminate the virus (25, 30, 31, 84) . A major barrier to viral eradication is the ability of HIV-1 to establish a latent infection (25, 84) . Latent infection occurs when a replication-competent HIV-1 provirus integrates into a host cell's genomic DNA, but viral genes are not transcribed (reviewed in reference 29). Because no viral proteins are produced, the immune system cannot eliminate latently infected cells. At any point, however, cellular changes can reactivate the latent virus, leading to the production of new viral particles and, in the absence of antiretroviral therapy, the infection of additional cells (reviewed in reference 69). Thus, reactivation of latent virus can lead to a resurgence of viremia in patients who have discontinued antiretroviral therapy.
Although reactivation of latent virus can lead to increased viremia, reactivating latent virus in a patient who is receiving HAART therapy could clear latent reservoirs while preventing new infection events. Cells harboring reactivated virus would be eliminated because they would produce viral proteins, leading to cell death through the action of the immune system or viral cytotoxic effects. Reactivation of virus from latently infected cells has thus been proposed as a strategy to cure HIV-1. Unfortunately, efforts to use this strategy to eliminate HIV-1 infection have thus far been unsuccessful (reviewed in reference 29). Thus, there remains an urgent need for research to determine both the cell types that harbor latent virus and the mechanisms underlying the establishment and reactivation of latent infection in all latently infected cell types.
Although resting memory T cells are the best-studied and likely the largest reservoir of latent HIV-1, several studies have found that not all viral genomes in the plasma can be matched to sequences in these cells (3, 9, 61) . These findings suggest that additional reservoirs of latent virus exist and contribute to residual plasma viremia. Recently, we proposed that CD34 ϩ hematopoietic progenitor cells (HPCs) in the bone marrow serve as a reservoir of HIV-1, and we demonstrated that active and latent infection of these cells occurs in vitro and in vivo (13) . These findings are supported by additional studies demonstrating that HPCs are infected by HIV-1 in vivo (54, 67) . However, there are also conflicting studies reporting that HIV-1 genomes could not be detected in CD34 ϩ cells in the bone marrow of patients with undetectable viral loads on HAART (21, 36) . CD34 ϩ HPCs are rare cells, and only an extremely low rate of latent infection would be expected in most HAART-treated patients. This is particularly true for patients with predominantly CCR5-tropic virus, since only CXCR4-utilizing HIV is able to infect immature HPCs (12) . In addition, it is difficult to rule out the possibility that contaminating CD4 ϩ T cells in HPC samples contribute to the detection of HIV genomes in these cells. Thus, it may be difficult to show definitively whether latent infection of HPCs occurs in a majority of individuals: indeed, disagreement on this point has persisted through more than 2 decades of study (reviewed in reference 45). However, latent infection can be readily established in HPCs in vitro (13) , and thus, in vitro systems can be used to assess which subtypes of HPCs become latently infected. Such studies can illuminate the potential of HPCs to serve as a reservoir in vivo by demonstrating whether long-lived HPCs can be latently infected. In addition, they can identify the HPC types most likely to harbor latent infection, suggesting cell types to be selectively purified in future efforts to identify latent reservoirs in vivo. Finally, in vitro studies can assess whether the mechanisms that promote the establishment and reactivation of latent infection in HPCs are comparable to those at work in CD4 ϩ T cells and thus whether both reservoirs might be targeted and eliminated with similar reactivation strategies. For these reasons, an in vitro examination of latent infection of CD34
ϩ HPCs provides valuable information to aid in both the search for latent reservoirs and the development of strategies to reactivate and eliminate latent virus in vivo.
CD34 ϩ HPCs are not homogenous, and it is not clear which subsets of CD34 ϩ cells support latent HIV-1 infection. The most immature HPCs are hematopoietic stem cells (HSCs), which can differentiate into all blood cell lineages and have unlimited selfrenewal capacity. HSCs differentiate into multipotent progenitor cells (MPPs), which also differentiate into all blood cell lineages but have a reduced self-renewal capacity (20) . MPPs give rise to common myeloid progenitors (CMPs), which give rise to all myeloid lineages, and multilymphoid progenitors (MLPs), which generate the lymphoid lineages as well as monocytes and dendritic cells (20) . These progenitors give rise to committed progenitor cells that eventually differentiate into mature blood cells. While we recently showed that HIV-1 is capable of infecting multipotent HPCs, including hematopoietic stem cells, the ability of HIV-1 to establish a latent as opposed to an active infection in these cells is unknown (12) .
The mechanisms that promote latency in HPCs have not been investigated, but models of latent infection in T cells have identified mechanisms that promote latent infection in this cell type (8, 41, 62, 70, 79) . In T cells, epigenetic modifications result in a heterochromatic structure at the HIV-1 long terminal repeat (LTR) (37, 70) . Histone methylation and histone deacetylase (HDAC) recruitment contribute to the formation of this restricted transcriptional state (70) . DNA methylation has also been associated with latent infection in both Jurkat and primary T cell models of latency (6, 37) . Furthermore, resting memory T cells have restricted levels of nuclear factor B (NF-B) in the nucleus (70) . NF-B, a key transcriptional regulator in many hematopoietic cells, is sequestered in the cytoplasm of resting cells by the inhibitor of B (IB) (reviewed in reference 71). Upon T cell activation, phosphorylation of IB by IB kinase (IKK) triggers the release of NF-B from IB and its translocation to the nucleus (42; reviewed in reference 71). There, NF-B can bind to the HIV-1 LTR, displacing inhibitory factors and recruiting histone acetyltransferases to relieve heterochromatic repression (47, 73) .
NF-B activation alone is sufficient to reactivate latent virus in Jurkat cells (22, 70) , but in primary resting memory T cells, activation of positive transcription elongation factor b (P-TEFb) is also required (70) . P-TEFb, a complex made up of the cyclindependent kinase 9 (CDK9) and cyclin T1 (CycT1), is present only at low levels in resting CD4 ϩ T cells, and much of the complex is sequestered by the 7SK small nuclear RNA and hexamethylene bisacetamide (HMBA)-induced protein (HEXIM1) (48, 80, 81) . T cell activation results in increased P-TEFb mRNA transcription and protein translation (33) as well as in the rapid phosphorylation of preexisting CDK9 at Thr186 (53) and the dissociation of P-TEFb from 7SK RNA (38) . HIV-1 Tat assists in this process by competitively displacing HEXIM1 to free P-TEFb from the inhibitory complex (4, 64) . Activated P-TEFb is then recruited to nascent HIV-1 transcripts, where it facilitates transcript elongation and thus reactivation of latent virus (38, 63, 70, 76) .
Compounds that counteract the factors promoting latency in T cells have been shown to reactivate latent virus in primary T cells or cell line models. Among these compounds are prostratin, which activates NF-B through protein kinase C (40, 77) ; HDAC inhibitors, including suberoylanilide hydroxamic acid (SAHA) and valproic acid (VPA) (19, 24, 82) ; the DNA methylation inhibitor 5-aza-2=-deoxycytidine (Aza-CdR) (37) ; and HMBA, a compound that appears to facilitate the release of P-TEFb from its inhibitory complex with 7SK and HEXIM1 (18) . Several of these compounds, notably SAHA, have been proposed as therapies to reactivate latent virus in vivo (19, 24, 82) . However, if resting memory T cells are not the sole reservoir for latent virus, these compounds will be effective therapies only if they can reactivate virus in all additional HIV reservoirs as well.
In this paper, we develop an in vitro model system of latent HIV-1 infection in HPCs that permits detailed study of the factors promoting latency in these cells. We use this model to show that HIV-1 is able to establish a latent infection in all subsets of HPCs examined, including cells with surface markers consistent with HSCs and MPPs. We further show that CD34
ϩ HPCs have low levels of NF-B in the nucleus and that NF-B activation can reactivate latent virus in these cells. Meanwhile, P-TEFb is readily detectable in the nuclei of unstimulated HPCs, and its levels are not increased under conditions that reactivate latent virus. Finally, we assess the ability of compounds that reactivate latent virus in T cell systems to perform a similar function in HPCs. We find that while prostratin and SAHA can reactivate latent infection in HPCs, HMBA and Aza-CdR cannot. These findings enhance our understanding of the cellular factors required to establish a latent HIV-1 infection in HPCs and suggest common pathways in HPCs and T cells that could be targeted to purge latent reservoirs.
MATERIALS AND METHODS
Cell isolation and culture. Whole umbilical cord blood (CB) was obtained from the New York Blood Center, and whole bone marrow (BM) was obtained commercially (AllCells Ltd.); mononuclear cells were purified by Ficoll-Hypaque centrifugation and were either frozen or used fresh. Cells were adherence depleted for 1 to 2 h at 37°C in StemSpan medium (STEMCELL Technologies), and then CD133 ϩ cells were isolated by magnetic separation (Miltenyi Biotec ϩ BM or CB cells were obtained commercially (AllCells Ltd.) and were cultured as described above.
Resting memory CD4 ϩ T cells were purified from buffy coats obtained from the New York Blood Center. Mononuclear cells were purified as described above, and then memory CD4 ϩ T cells were isolated by magnetic separation using the Memory CD4 ϩ T cell isolation kit (Miltenyi Biotec). The resulting cells were incubated with biotinylated antibodies against the activation markers HLA-DR, CD69, and CD25 (eBioscience). Resting memory cells were then isolated by negative selection using an anti-biotin magnetic separation kit (Miltenyi Biotec). Resting memory CD4 ϩ T cells were either used immediately or cultured overnight with anti-CD3/anti-CD28 beads (Life Technologies).
U1 cells (26) and J-Lat clones 6.3, 8.4, and 9.2 (35) were cultured in RPMI medium supplemented with 10% fetal bovine serum (FBS) and 2 mM penicillin, streptomycin, and glutamine (PSG). 293T cells were propagated in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% FBS and 2 mM PSG.
HIV-1 preparation and transductions. NL4-3-⌬GPE-GFP was generated by removing a SwaI-SwaI fragment from NL4-3-⌬E-GFP (83) and religating. Infectious supernatants were prepared by transfection of proviral plasmids into 293T cells using polyethylenimine. HXB-ePLAP (15) or NL4-3-⌬GPE-GFP was cotransfected with a plasmid encoding either the vesicular stomatitis virus glycoprotein (VSV-G) or the HXB envelope; the helper plasmid pCMV-HIV-1 (28) was additionally cotransfected to permit infectious particles to be formed with NL4-3-⌬GPE-GFP. Viruses pseudotyped with the HXB envelope were concentrated using high-molecular-weight polyethylene glycol precipitation as described previously (39) . Pellets were resuspended in 1/25 the original volume and were used immediately. Cells were infected by spin inoculation at 1,048.6 ϫ g for 2 h at room temperature.
Sorting and stimulation of latently infected cells. Actively infected cells from HPCs infected with HXB-ePLAP were removed by magnetic sorting using a biotin-conjugated antibody to placental alkaline phosphatase (PLAP) and anti-biotin beads (Miltenyi Biotec). Actively infected cells were removed from samples infected with NL4-3-⌬GPE-GFP by flow cytometric sorting using a MoFlo XDP (Beckman Coulter), MoFlo Astrios (Beckman Coulter), or FACSAria (BD Biosciences) flow cytometer. After sorting, cells were incubated in STIF or StemSpan medium with 8 M raltegravir (Selleck Chemicals) alone or with one or more of the following: granulocyte-macrophage colony-stimulating factor (GM-CSF; R&D Systems), tumor necrosis factor alpha (TNF-␣; Biolegend), prostratin (Sigma), SAHA (Cayman Chemical), HMBA (Sigma), Aza-CdR (Sigma), IKK2 VI (Calbiochem), or functional-grade anti-TNF-␣ (eBioscience).
Time course of stimulation in uninfected cells. Uninfected HPCs were cultured for 5 days and were then incubated in StemSpan medium with the solvent dimethyl sulfoxide (DMSO) as a control or with TNF-␣, prostratin, or SAHA for 3 days. Images of cells under these conditions were acquired using a QICAM digital camera and Q-Capture Pro 7 software (QImaging). The brightness and contrast of images were minimally adjusted using Canvas 8 (ACD Systems).
Flow cytometry and antibodies. Antibodies to the following proteins were used for flow cytometry: CD133 (phycoerythrin [PE] conjugated; Miltenyi), CD3 (conjugated with allophycocyanin [APC] or Alexa Fluor 647; eBioscience), CD34 (conjugated with fluorescein isothiocyanate [FITC] , APC, Alexa Fluor 647, or biotin; Miltenyi, eBioscience, and Invitrogen), CD45RA (PE conjugated; eBioscience), CD38 (PE-Cy7 conjugated; eBioscience), PLAP (Serotec) as provided or conjugated to biotin using the EZ-Link Sulfo-NHS biotinylation kit (Pierce), and HIV-1 Gag (clone KC57, FITC conjugated; Coulter). The secondary reagents used were streptavidin (conjugated with Alexa Fluor 488, PE, or Alexa Fluor 647; Life Technologies) and an antibody to mouse IgG1 (Alexa Fluor 647 conjugated; Invitrogen). Cells were stained with 7-aminoactinomycin D (7-AAD) to exclude dead cells. Analysis was performed using a BD FacsCanto cytometer or a BD FACScan system with Cytek 6-color upgrade.
For staining of cell surface proteins, cells were first incubated in fluorescence-activated cell sorting (FACS) buffer (phosphate-buffered saline [PBS] with 2% FBS, 1% human serum, 2 mM HEPES, and 0.025% NaN 3 ) on ice for 10 min with directly conjugated antibodies; then they were washed and fixed in PBS with 2% paraformaldehyde. For stains utilizing antibodies against PLAP, cells were incubated first in 10% Fc receptor block (Accurate Chemical) in FACS buffer for 30 min and then with antibodies against PLAP in FACS buffer with 10% Fc receptor block for 15 min on ice. Cells were then washed and stained with a secondary antibody for an additional 5 (streptavidin) or 15 (anti-mouse IgG1) min on ice. For stains using antibodies against HIV Gag, cells were first fixed and then permeabilized with 0.1% Triton X-100 in PBS for 5 min at room temperature. Cells were then washed and incubated with an antibody against Gag for 30 min on ice.
Transcription factor ELISA. Nuclear and cytoplasmic extracts were prepared using a commercially available kit (Active Motif). Levels of activated nuclear NF-B and AP-1 family members were determined using commercially available transcription factor enzyme-linked immunosorbent assays (ELISAs) (Active Motif). The protein contents of nuclear and cytoplasmic extracts were quantified, and an equal amount of protein was plated for each condition. Commercially obtained Raji cell nuclear extracts were used as a positive control for NF-B activation, and commercially obtained nuclear extracts from K-562 cells stimulated with 12-Otetradecanoylphorbol-13-acetate (TPA) were used as a positive control for AP-1 activation (Active Motif). Absorbance readings from blank wells were subtracted from all sample and positive-control absorbance readings. Readings were then normalized to that for the positive control on each plate to control for differences in color development between plates. The normalized absorbance in cytoplasmic extracts was subtracted from the absorbance in the nuclear extracts from each sample to control for nonspecific binding. These normalized differences were expressed in arbitrary units (AU) and were used to compare samples. In all cases, the signal from the positive-control extract was set to 1 AU.
Western blotting. Nuclear extracts were collected as described above. Antibodies to the following proteins were used for Western blot analysis: cyclin T1 (Santa Cruz catalog no. sc-8127), pCDK9 (Cell Signaling catalog no. 2549), and histone H1.4 (Sigma catalog no. H7665). Secondary reagents used were rabbit antibodies directed against goat IgG and conjugated to horseradish peroxidase (HRP) (Zymed) and goat antibodies directed against rabbit IgG and conjugated to HRP (Invitrogen).
RESULTS

Development of an in vitro model of HIV-1 latency in HPCs.
Although latent infection of HPCs has been studied previously in vitro (13) , the methods used required relatively long culture periods. Because HPCs differentiate rapidly in culture, these methods did not permit the examination of latent infection in immature HPC subsets such as HSCs and MPPs. To better assess latent infection in immature HPCs, we developed a short-term primary cell model of latency in CD133
ϩ HPCs (Fig. 1A) . This short-term model allowed us to examine latent infection in immature HPCs, which is an important benefit since these cells are the longest-lived and thus the most likely to serve as a long-term reservoir of virus in vivo. However, the short culturing times required to study these cells in an undifferentiated state meant that while we could examine factors important for the establishment of latency, we could not assess whether additional factors contribute to the maintenance of proviral silencing at later time points.
In our model, primary HPCs were isolated on day zero from umbilical cord blood (CB) or bone marrow (BM) (Fig. 1A) . Two days later, HPCs were infected with replication-defective HIV-1 reporter viruses, either HXB-ePLAP or NL4-3-⌬GPE-GFP (Fig. 1B) . Both of these viruses have a deletion in the env gene, while NL4-3-⌬GPE-GFP has additional deletions in gag and pol, resulting in viruses that are capable of a single round of infection but not of continuing spread. This feature of the viruses simplified our analysis by allowing us to distinguish reactivation of latent Means and standard errors for 2 independent experiments are shown. Asterisks indicate significant differences (*, P Ͻ 0.05; **, P Ͻ 0.01) by a 1-sample t test from the expected fold increase of 1. Differences in the fold induction of active infection between cell subsets are not significant (P, 0.53 by 1-way analysis of variance). (E) Summary of experiments similar to those shown in panel B but using the NL4-3-⌬GPE-GFP/VSV-G envelope to infect bone marrow cells. Shown is the fold induction of active infection in cells treated with TNF-␣ relative to unstimulated cells. Means and standard errors for 2 independent experiments are given. Asterisk indicates a significant difference (*, P Ͻ 0.05) by a 1-sample t test from the expected fold increase of 1. Differences in the fold induction of active infection between cell subsets are not significant (P, 0.11 by 1-way analysis of variance).
infection from stimulation of new infection events. HXB-ePLAP encodes placental alkaline phosphatase (PLAP) as a reporter protein, which is expressed on the cell surface; NL4-3-⌬GPE-GFP expresses enhanced green fluorescent protein (EGFP; shortened to GFP throughout). These viruses were pseudotyped with either the VSV-G envelope or the HIV-1 HXB envelope (Fig. 1B) . Most experiments were conducted using the VSV-G envelope to maximize the infection rate and increase the sensitivity of analysis, but major findings were confirmed using the HXB envelope. The CXCR4-tropic HXB envelope was selected for these experiments because we have shown previously that only HIV-1 envelopes that can use CXCR4 as a coreceptor for entry can infect immature HPCs (12) .
Three days after infection, actively infected cells expressing the reporter protein were removed by magnetic or flow cytometric sorting (Fig. 1C) ; the remaining cells, a mixture of uninfected and latently infected cells, were resuspended in media containing 8 M raltegravir (Fig. 1A) . The integrase inhibitor raltegravir was routinely included in these experiments to ensure that increases in reporter gene expression would stem solely from activation of integrated virus and not from new integration events. Then cells were either incubated in STIF medium, which contains a cocktail of cytokines that minimizes differentiation in culture, or stimulated with GM-CSF and TNF-␣ or other compounds overnight. Finally, samples were analyzed by flow cytometry the next day (Fig. 1A) . In all cases, cells that remained CD34 ϩ or CD133 ϩ at this time point were gated on so that only HPCs would be included in our analysis of latent infection. We tested our model by stimulating latently infected cells with GM-CSF and TNF-␣, which we have previously shown to be capable of reactivating latent virus in HPCs in vitro and ex vivo (13) . In agreement with our previous work, we found that overnight (13-h) stimulation with GM-CSF and TNF-␣ resulted in a 2-to 6-fold increase in reporter protein expression over that for unstimulated controls (Fig. 1D) . The rate of latent infection that could be reactivated with GM-CSF and TNF-␣ was comparable to the rate of active infection observed prior to sorting and stimulation (compare Fig. 1C and D) . These results cannot be attributed to contamination of the culture with CD4 ϩ T cells, since CD3 ϩ cells are largely absent from our HPC cultures on the day of reactivation and are readily excluded by gating on CD34 ϩ cells (Fig. 1E) .
Latent infection occurs in multiple HPC subsets. Although we have reported that HIV-1 can infect multipotent HPCs, the ability of the virus to establish a latent infection in this cell subset was not established. We therefore used our model to examine latent infection in HPCs expressing CD133, a cell surface marker found primarily on immature HPCs and associated with colonyforming capacity (12) . HPCs infected with HXB-ePLAP were magnetically sorted to isolate PLAP Ϫ CD133 ϩ cells (Fig. 1F) ; then these cells were incubated overnight in STIF medium or GM-CSF and TNF-␣. Compared with the rate of infection in cells immediately after sorting (0.1%) (Fig. 1F) , we observed spontaneous induction of active infection in a subset of cells (Fig. 1G) , which may result from spontaneous differentiation that occurs even in STIF medium. Additionally, we observed a 2-to 4-fold increase in PLAP expression in CD133 ϩ cells stimulated with GM-CSF and TNF-␣ over that in the STIF medium-treated control ( Fig. 1G and  H) , demonstrating that HIV-1 can establish a latent infection in
CD133
ϩ HPCs that can be reactivated by GM-CSF and TNF-␣ treatment.
To further define HPC populations in which latent HIV-1 infection occurs, we stained HPCs with antibodies against CD38 and CD45RA, cell surface markers for which expression on various HPC populations has recently been defined (20) (Fig. 2A) ϩ CD38 ϩ CD45RA ϩ . We infected and sorted the cells as described for Fig. 1 ; then we analyzed the reactivation of latent virus in each of the populations defined by these cell surface antigens. We found that we could reactivate latent virus in each population, including the CD34 ϩ
CD38
Ϫ CD45RA Ϫ subset, which includes the most immature, longest-lived HPCs (Fig. 2B) . Similar results were obtained whether cells had been infected using the VSV-G (Fig. 2C and E) or the HXB (Fig. 2B and D) envelope and whether HPCs were derived from cord blood (Fig. 2B to D) or bone marrow (Fig. 2E) . Absorbance was normalized to that of the positive control on each plate; then nonspecific activity (defined by the activity obtained using cytoplasmic extracts) was subtracted from the nuclear absorbance, and the difference was graphed as arbitrary units (AU). The value for the positive control, a Raji nuclear cell extract, was set to 1 AU. Means and standard errors for 3 independent experiments are shown. Asterisk indicates a significant difference (*, P Ͻ 0.05) by a paired t test. (B) Quantitation of the results of a transcription factor ELISA measuring AP-1 DNA-binding activity in nuclear lysates from HPCs incubated with STIF medium or with GM-CSF plus TNF-␣ overnight. Data were analyzed as described for panel A except that nuclear extracts of K-562 cells stimulated with 12-O-tetradecanoylphorbol-13-acetate were used as the positive control. Means and standard errors for 2 independent experiments are shown. AP-1 nuclear activity was not significantly elevated by GM-CSF and TNF-␣ treatment (P, Ͼ0.2 for all subunits by a paired t test); however, JunB expression in STIF medium-treated cells (P Ͻ 0.05) and FosB (P Ͻ 0.01) and Fra-1 (P Ͻ 0.05) expression in GM-CSF-and TNF-␣-treated cells were significantly different from zero by a 1-sample t test.
These results demonstrate that latent infection does not occur in a specific type of HPCs but rather in all cell subsets identified, including long-lived HSCs and MPPs with the potential to serve as a long-term reservoir for latent virus in vivo.
Conditions that reactivate latent virus in HPCs are associated with the activation of NF-B but not with that of AP-1. We next assessed the cellular changes that occur when CD34
ϩ HPCs are stimulated with GM-CSF and TNF-␣ in order to elucidate the mechanism by which these cytokines reactivate latent HIV-1. We first examined whether nuclear levels of the transcription factor NF-B or AP-1 are increased under these conditions. We examined these factors because both have binding sites on the HIV-1 LTR, have been shown to promote HIV-1 transcription (11, 47, 55, 57, 58, 72; reviewed in reference 51), and can be activated by TNF-␣ (reviewed in references 2 and 16).
Uninfected, cord blood-derived CD133 ϩ HPCs were expanded in STIF medium for 5 days and were then split into STIF versus GM-CSF-plus-TNF-␣ cultures for overnight incubation. We isolated cytoplasmic and nuclear extracts from these cells and assessed levels of activated nuclear NF-B and AP-1 transcription factor proteins by a transcription factor enzyme-linked immunosorbent assay (ELISA). We found that levels of activated nuclear NF-B family members p65, p50, c-Rel, and RelB were all stimulated by overnight incubation with GM-CSF and TNF-␣ (Fig. 3A) , suggesting that these cytokines activate NF-B through the classical pathway (reviewed in reference 71). In contrast, we found that nuclear NF-B p52, which is activated mainly through the nonclassical NF-B pathway (reviewed in reference 71), was not upregulated by GM-CSF and TNF-␣ stimulation (Fig. 3A) . Additionally, no AP-1 family member was upregulated by GM-CSF and TNF-␣ (Fig. 3B) . Of the proteins studied, only AP-1 FosB and JunB could be consistently detected in the nuclei of HPCs incubated in STIF medium (Fig. 3B) . The finding that NF-B is usually undetectable in the nuclei of unstimulated HPCs suggests that NF-B restriction promotes latent infection in this cell type.
TNF-␣ reactivates latent virus in HPCs through an NF-Bdependent mechanism.
In other cell types, TNF-␣ has been reported to activate NF-B through the classical pathway, which requires activation of the ␤ subunit of IKK (42) . We therefore asked whether TNF-␣ alone could reactivate latent virus in HPCs and whether this reactivation required IKK␤ activity. To test whether TNF-␣ alone was sufficient to reactivate latent virus, we incubated latently infected HPCs with STIF medium, GM-CSF alone, TNF-␣ alone, or GM-CSF plus TNF-␣. We observed that while GM-CSF alone had no significant effect on viral gene expression, TNF-␣ was able to induce viral gene expression at the same level as the combination of the cytokines (Fig. 4A) . We confirmed that this effect was specifically due to TNF-␣ by stimulating cells with TNF-␣ in the presence and absence of antibodies to TNF-␣. Induction of viral gene expression was substantially reduced in the presence of antibodies to TNF-␣ (Fig. 4B) .
To assess the dependence of TNF-␣-induced viral reactivation on activation of the classical NF-B pathway, we stimulated latently infected HPCs with varying concentrations of TNF-␣ with and without an inhibitor of IKK␤ activity, IKK2 VI (5). While high doses of TNF-␣ overwhelmed the effect of IKK2 VI, at moderate TNF-␣ doses IKK2 VI had a substantial inhibitory effect (Fig.  4C) . IKK2 VI significantly counteracted TNF-␣-induced reactivation of latent virus when cells were infected with HIV pseudotyped with either the VSV-G (Fig. 5A and B) or the HIV (HXB) (Fig. 5C and D) envelope and when either cord blood-derived (Fig. 5A to  D) or bone marrow-derived ( Fig. 5E and F) HPCs were used. Using a transcription factor ELISA to assess nuclear NF-B p50 levels in these samples, we observed that in samples where IKK2 VI inhibited the ability of TNF-␣ to reactivate latent virus, IKK2 VI also blocked TNF-␣-induced NF-B activation (Fig. 5G) .
In a majority of experiments, overnight incubation with IKK2 VI also reduced the level of active infection observed in cells cultured without TNF-␣ (Fig. 4C and 5B, C, and F), indicating that a portion of the low-level spontaneous reactivation observed under these conditions was also due to activation of NF-B. This lowlevel spontaneous NF-B activation may be a component of the spontaneous differentiation that occurs in HPCs under these culture conditions. Such NF-B activation has been reported as a component of the differentiation of more mature hematopoietic progenitor cells (10, 85) .
Conditions that reactivate latent virus in HPCs do not alter P-TEFb expression. We next asked whether restricted levels of P-TEFb contribute to the establishment of latency in HPCs. To address this question, we analyzed nuclear CycT1 and phosphorylated CDK9 (pCDK9) in cord blood-derived HPCs incubated in STIF medium or stimulated overnight with GM-CSF and TNF-␣. We compared CycT1 and pCDK9 levels in these cells to those observed in resting memory T cells or resting memory T cells that had been stimulated overnight with anti-CD3/anti-CD28 beads. As a positive control for CycT1 and pCDK9 expression, we examined the levels of both proteins in Jurkat cells with or without TNF-␣ stimulation. In agreement with previous findings (33, 38, 53, 70) , Jurkat cells had high endogenous levels of CycT1 and pCDK9 that were not affected by TNF-␣ stimulation, while resting memory T cells had low levels of nuclear CycT1 and pCDK9 that increased dramatically following overnight incubation with anti-CD3/anti-CD28 beads (Fig. 6) . Finally, we observed that both CycT1 and pCDK9 were readily detectable in unstimulated HPCs and that levels of these proteins were not affected by incubation with GM-CSF and TNF-␣ (Fig. 6 ). These results demonstrate that the ability of these cytokines to induce HIV-1 gene expression in HPCs is not related to alterations in P-TEFb expression.
Prostratin and SAHA, but not HMBA, can reactivate latent HIV-1 in HPCs. We next asked whether compounds that reactivate latent virus in T cell systems had similar activities in our model of latent infection in HPCs. We first tested prostratin, SAHA, and HMBA, and we found that while prostratin and SAHA were able to induce viral gene expression, HMBA was not (Fig.  7A) . Titration of prostratin demonstrated that prostratin effectively reactivated latent virus in HPCs only at high doses (1 to 5 M) (Fig. 7A) . Although the comparative efficacies of prostratin and TNF-␣ differed between experiments, prostratin was on average significantly less effective than TNF-␣ at reactivating latent virus from HPCs at the 13-h time point (Fig. 7B) . SAHA also reactivated latent virus only at high doses (2 to 10 M) (Fig. 7A) and also induced reactivation to a significantly lesser extent than TNF-␣ at 13 h poststimulation (Fig. 7B) . Finally, although HMBA could induce HIV-1 Gag expression in the latently infected U1 cell line (Fig. 7C) , we did not detect an effect of HMBA on viral gene expression in HPCs at any concentration assessed (Fig. 7A) .
Although SAHA and prostratin were less effective than TNF-␣ at 13 h poststimulation, different results were obtained at 24 h. At this time point, we again found that SAHA, prostratin, and TNF-␣ were all able to induce statistically significant reactivation of latent virus in HPCs (Fig. 7D) ; however, there was no significant difference between the induction of active infection caused by TNF-␣ and that caused by prostratin or SAHA (Fig. 7D) . HMBA still failed to induce significant reactivation at 24 h (Fig. 7D) . Together, these results demonstrate that SAHA and prostratin, but not HMBA, are able to reactivate latent virus in HPCs; however, SAHA and prostratin reactivate virus with slower kinetics than does TNF-␣.
Consistent with the established ability of prostratin to activate NF-B through protein kinase C (77), we found that a 24-h stimulation with prostratin resulted in an increase in nuclear NF-B p50 activity to levels comparable to those observed with a high dose of TNF-␣ (Fig. 7E) . In contrast, stimulation with HMBA or the histone deacetylase inhibitor SAHA had no effect on nuclear NF-B activity, even though SAHA reactivated latent HIV-1 to the same extent as a 30-pg/ml dose of TNF-␣ that did cause detectable NF-B upregulation (Fig. 7E) .
Although SAHA and prostratin reactivated latent virus in our model, both compounds had additional effects on HPCs. We observed that incubating HPCs in a medium containing SAHA caused massive cell death after 48 to 72 h (Fig. 7F and G) . Similar cytotoxicity was observed at SAHA concentrations as low as 800 nM (data not shown). Although prostratin was not cytotoxic to HPCs (Fig. 7F) , it caused rapid differentiation, resulting in adherent cells after as little as 24 h of exposure (Fig. 7G) . In contrast, TNF-␣ did not induce cellular differentiation, and although somewhat cytotoxic at 72 h, it was substantially less so than SAHA (Fig. 7F and G) .
Aza-CdR does not reactivate latent infection in HPCs.
Finally, we examined whether the methylation inhibitor Aza-CdR could induce the reactivation of latent virus in HPCs. We first verified the activity of Aza-CdR in J-Lat cells, clones of Jurkat cells that are latently infected with a GFP-expressing HIV-1 reporter virus (35) . In agreement with previous findings (37), we observed that while Aza-CdR alone had minimal ability to induce viral gene expression in three J-Lat clones, it had a synergistic effect on reactivation when combined with TNF-␣ (Fig. 8A) . However, we were unable to detect any effect of Aza-CdR on reactivation of latent virus in HPCs, either alone (Fig. 8B ) or in combination with TNF-␣ (Fig. 8C) .
DISCUSSION
In this study, we developed an in vitro model to study latency in immature HPCs, allowing us to investigate the types of HPCs that support latent infection and to study the factors that promote the establishment of latency. We found that HIV-1 could establish a latent infection in all of the subsets of HPCs that we examined, including an immature population that includes hematopoietic stem cells and multipotent progenitors. Because hematopoietic stem cells and multipotent progenitors are long-lived cell types, this result has important implications for the ability of HPCs to serve as a latent reservoir in vivo. Hematopoietic stem cells in particular are capable of indefinite self-renewal, and thus, latent infection in this cell type could result in a reservoir with an infinite half-life. Such a reservoir has previously been proposed based on the decay kinetics of the virus in plasma (50) .
While our results suggest that many classes of progenitor cells might serve as short-term reservoirs of latent virus, immature progenitors are more likely to serve as latent reservoirs in patients treated with antiretroviral therapy. The reason for this is that these cells have the greatest self-renewal capacity, as demonstrated by the fact that only HSCs are capable of sustaining long-term, mul- ϩ HPCs (CB) incubated for 5 days in STIF medium and then treated with STIF medium or GM-CSF (100 ng/ml GM-CSF) plus TNF-␣ (2.5 ng/ml). Controls were nuclear extracts from resting memory T (RM T) cells isolated from peripheral blood by magnetic selection for CD4 ϩ
CD45RO
ϩ HLA-DR Ϫ CD25 Ϫ CD69 Ϫ cells and lysed immediately or after stimulation with anti-CD3/anti-CD28 beads overnight, as well as nuclear extracts from Jurkat cells incubated overnight in medium or 3 ng/ml TNF-␣. Results are representative of two independent experiments using cells from separate donors (T cells) or separate donor pools (cord blood). ϩ HPCs were isolated from cord blood and were tilineage engraftment in mice (49) . Similarly, these immature cells are the most likely to persist in humans after months or years of treatment. Thus, efforts to assess the extent of the latent reservoir in HPCs in patients on long-term antiretroviral therapy might be most successful if they focus on the immature CD34 ϩ CD38
Ϫ CD45RA Ϫ population of HPCs to maximize the chance of finding latently infected cells.
Our analysis revealed that TNF-␣-induced activation of NF-B in the absence of P-TEFb induction reactivates latent virus in HPCs. This result differs from recent findings in resting memory T cells, where TNF-␣ is not sufficient to reactivate latent virus, and induction of both NF-B and P-TEFb activity appears to be required (41, 70, 79) . Instead, our result is reminiscent of Jurkat cell line models of latency (22, 35, 38) . Thus, our analysis suggests that HPCs may have fewer factors reinforcing latent infection than do resting memory T cells. In vivo, this might result in a rate of latent infection in HPCs that is lower than that observed in resting memory CD4 ϩ T cells, where about 1 in 1 million cells harbors replication-competent provirus in treated patients (25) .
In addition to TNF-␣, which reactivated latent virus to the maximum level that we were able to achieve, we found that prostratin and SAHA can also reactivate latent virus in HPCs but with slower kinetics. Prostratin, like TNF-␣, efficiently induces NF-B activation; however, the two compounds activate NF-B through distinct pathways (23, 27, 32, 34, 43, 44, 46, 52, 59, 60, 68, 75, 78) . Thus, our finding that prostratin reactivates virus with slower kinetics than does TNF-␣ suggests that the pathway through which prostratin acts is less efficient in at least a subset of HPCs. Alternatively, it is possible that in addition to NF-B, TNF-␣ activates another factor that promotes reactivation in HPCs at early time points. However, since we found that TNF-␣ treatment of HPCs does not result in AP-1 activation, the identity of such an additional factor is not clear. Since TNF-␣ reactivates latent virus from HPCs more rapidly than prostratin does and without inducing the rapid cellular differentiation observed during prostratin stimulation, our results suggest that NF-B activation may be a successful strategy for reactivating latent virus in HPCs but that prostratin may not be an ideal compound with which to initiate NF-B activation in these cells.
Consistent with the function of SAHA as a histone deacetylase inhibitor (24), we found that this compound reactivates latent virus in HPCs in the absence of NF-B activation. Reactivation occurred using SAHA concentrations comparable to those that are effective at reactivating latent virus in T cells (19, 24) . The relatively low efficacy of SAHA at 13 h poststimulation compared to that of the NF-B activators TNF-␣ and prostratin suggests that although histone acetylation enhances HIV-1 transcription in HPCs, low NF-B levels may still restrict rapid reactivation from latency. In addition, although SAHA has been shown to be nontoxic to T cells even over long culture periods (65), we found that doses of SAHA that could reactivate latent virus were extremely toxic in HPCs. This finding suggests that SAHA may not be effeccultured in STIF medium for 5 days; then they were split into a solvent control or subjected to the conditions shown for an additional 3 days. The number of treated cells remaining is displayed as a percentage of the number of cells remaining in the solvent control (taken as 100%), as a function of time. Means and standard errors for 3 independent experiments are shown. Asterisks indicate significant differences (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001) by a 1-sample t test from the expected cell count of 100% of the cell count in the solvent. tive at clearing latent virus from HPCs without significant detrimental effects on hematopoiesis.
Finally, we found that neither HMBA nor Aza-CdR could reactivate latent HIV-1 in our system. These findings are not surprising given the mechanisms of action of these compounds. HMBA is believed to activate P-TEFb (18); thus, the inability of this compound to reactivate virus in HPCs confirms our finding that P-TEFb levels are not restricted in this cell type. Finally, methylation has been shown to be a late event in the silencing of an HIV-1 provirus (6, 22, 37) ; since our model is designed to examine only early events in the establishment of latency in HPCs, it is not surprising that the methylation inhibitor Aza-CdR would have no effect in this system. Unfortunately, the difficulty of maintaining HPCs in culture in an undifferentiated state precludes examination of whether methylation might similarly occur as a late event in proviral silencing in HPCs.
To maximize the number, viability, and immaturity of HPCs in our experiments, we cultured HPCs in STIF medium, which contains the cytokines stem cell factor, thrombopoietin, IGFBP-2, and Flt3L. In addition to maintaining HPCs in an immature state, this medium also promotes the expansion of immature HPCs. Of note, we found that latency could be established in HPCs in spite of the fact that these cells proliferated during the course of our assay with a mean doubling time of less than 48 h (data not shown). This observation parallels findings from resting memory T cells, where homeostatic proliferation does not reactivate latent virus and instead helps to maintain the latent reservoir (7, 17) . Similarly, our observations suggest that self-renewal of HPCs in vivo would not reactivate latent virus but instead would help to maintain this latent reservoir. However, additional study is needed to better define the effects of cell cycling on latently infected HPCs.
While further research to understand the extent of the latent reservoir in HPCs in patients on antiretroviral therapy will be informative, the very low rate of infection anticipated in these cells may make it difficult to determine definitively the size of this reservoir in vivo. Technical issues in culturing HPCs ex vivo may also contribute to the variable results that have been obtained when these cells are examined for infection; for instance, since active HIV infection is cytotoxic to HPCs (13), the reactivation of latent virus under differentiating culture conditions may result in cell death and false-negative results. Therefore, protocols that include a culturing step prior to cell purification may result in a reduced yield of provirus-containing cells (21) . In addition, cell preparations that have been depleted of CD4 ϩ CD34 ϩ cells may yield false-negative cells, as CD4 is required for the infection of HPCs (12, 36) . Conversely, false-positive results could be obtained if HPC samples are contaminated with CD4 ϩ T cells. Together, these factors may make it difficult to define the role of HPCs in viral persistence.
Further complicating the detection of infected HPCs is the fact that only CXCR4-utilizing viruses can infect immature HPCs (12) , which may result in widely differing infection rates in these cells in patients with different proportions of CXCR4-or dualtropic viruses. Early in the course of infection, most HIV isolates utilize CCR5 (56, 74, 86) ; however, several recent reports have demonstrated that CXCR4-utilizing viral subpopulations are found in as many as 10 to 50% of recently infected individuals (1, 14) . In addition, CXCR4-utilizing viruses emerge in many patients later in the course of infection (55, 66) . A substantial fraction of HIV-infected patients would thus be expected to harbor virus that is capable of infecting HPCs; however, patients for whom CXCR4-utilizing virus is a minority population would be expected to have only a very low rate of infection in these cells. Additional studies are needed to more fully understand these variables.
Nonetheless, an eradication strategy for HIV must reactivate latent virus from all latently infected cells to eliminate all reservoirs of virus in the body. Thus, our observations on the mechanisms underlying the establishment and reactivation of latency in HPCs are of great utility in designing and evaluating eradication strategies, because they allow us to assess whether strategies that are effective in T cells will be equally effective in the proposed reservoir for latent virus in HPCs. Our findings demonstrate that latent infection can occur in all HPC subsets studied, including cells with surface markers consistent with long-lived, multipotent hematopoietic stem and progenitor cells. We found that latent infection could be reversed by NF-B activation but that nuclear P-TEFb levels are not restricted in HPCs. Finally, we observed that TNF-␣, prostratin, and SAHA are all capable of reactivating latent infection in HPCs but that prostratin and SAHA also induce differentiation or death, respectively, in the HPC population. Together, these data show that immature HPCs have the potential to serve as a reservoir of latent virus and suggest that strategies that activate NF-B can reactivate latent virus from these cells. Proposed reactivation strategies can be assessed in this model of latent infection in HPCs as well as in models of latently infected resting memory T cells in order to assess the ability of different strategies to reactivate latent virus in both cell types and thus to maximize the chance of eliminating all latent reservoirs in vivo.
